We report the results of molecular-dynamics simulations of friction at polytetrafluoroethylene (PTFE) interfaces and show that the calculated tribological properties are robust against significant changes in the sliding speed and the morphology of the polymer.
Introduction
The terrestrial environment, in which surfaces are usually coated with physisorbed water and organic and inorganic molecules, is a very different tribological environment from the vacuum of space, which is dominated by clean, dry surfaces. As a result, the tribological behaviors of materials in space and on earth are significantly different from one another. This makes it particularly challenging to develop tribological coatings that work equally well in terrestrial and space environments. Multifunctional materials are being explored for use in such coatings; nanostructured polymer composites have been shown to be particularly good candidates, especially those that include polytetrafluoroethylene (PTFE) [1] [2] [3] . The C-F bond in PTFE provides both thermal and oxidative stability, and confers resistance to almost all solvents [4] . However, PTFE is known to have poor wear resistance, a problem that can be ameliorated by incorporation with nanoscopic fillers of a low wear material. For example, Sawyer et al. have created a nanocomposite of PTFE with alumina that has a reduction in wear rate of over two orders of magnitude compared with unfilled PTFE [5] .
Molecular-dynamics (MD) simulations provide an ideal tool for identifying and characterizing the microscopic processes associated with low-friction behavior in PTFE materials. Because of the inherent limitations of MD, particularly with regards to system size (limited to a few nm) and total evolution time (limited to typically a few ns or less), the simulation conditions cannot be identical to the experimental conditions. Nevertheless, within the constraints of MD it is important to establish the robustness of simulation results on the specific simulation conditions used. In this paper, we report on the effects of varying two critical simulation variables on the simulation outcome: the sliding speed and the morphology of the polymer films.
Methods
The simulation setup is shown in Fig. 1 . Each of the PTFE films used in the simulations consists of seven layers of chains (oriented horizontally) for a total thickness of 4 nm and a sliding surface area of 4.5 nm x 4.5 nm. The mechanical integrity of a physical polymer is provided by the entanglement of the polymer chains. However, the length scales for such entanglements is much longer than the size of the simulation cell used in this study, or indeed of any simulation cell that is currently feasible. In the absence of such entanglement, the chains in the simulated system only bond to one another via van der Waals interactions; in test simulations of such systems we found, as expected, that there was little transfer of the externally imposed force to the tribological surfaces. Therefore, to mimic the effects of entanglement, we add cross links between the chains of PTFE at a density of 2 cross links per 4.5 nm of chain length. We discuss the sensitivity of the tribological behavior to the precise details of cross linking in Sect. 4 .
During the simulation the bottom layer of the lower film is held fixed, while the top layer of the upper film can be moved as a single rigid unit, either down towards the lower film or horizontally, thus allowing for the consideration of both compression and sliding between the upper and lower films. The two layers adjacent to the fixed and moving rigid regions are thermostated with Langevin dissipative and stochastic forces [6] to maintain the temperature at 300 K. The remaining two layers of atoms in each half of the system, designated as normal (active) atoms, are not constrained and can evolve freely under the forces produced across the tribological surface.
Initially, the distance between the upper and lower film surfaces is set at 1 nm, which is beyond the range of any of the interatomic interactions in the system. Periodic boundary conditions [6] are applied within the plane of the film surface to mimic an infinite interface. After the system is thermally equilibrated at 300 K, the two films are compressed by moving the upper film towards the lower film at a constant rate of 10 m/s. When the desired compression of a few hundred MPa is reached, the position of the rigid moving block is fixed and the system is further equilibrated until the compressive force no longer changes significantly over time. Finally, the films are slid against each other by moving the upper film in a direction parallel to the plane of lower film surface at a constant rate of sliding.
This study is conducted using classical MD simulations that numerically integrate Newton's equations of motion with a fourth-order Nordsieck predictor corrector [6] using a timestep of 0.2 fs. Short-range interatomic forces are calculated using the C-H-F reactive empirical bond order (REBO) potential [7] based on Brenner's second generation REBO potential for hydrocarbon systems [8] . Long-range van der Waals interactions are included in the form of a Lennard-Jones (LJ) potential to calculate interchain interaction [6] . The LJ potential is only active at distances greater than the covalent bond lengths.
Effect of sliding rate
Experimental sliding rates in tribology generally range from millimeters per second to about ten meters per second (in, for example, computer hard drives). MD simulation models full atomistic motion, including atomic vibrations that occur on femtosecond timescales, and involve the step-wise solution of Newton's equation of motion; it is therefore only computationally possible to usefully simulate speeds at the high end of this range. Numerous comparisons of experimental data to MD simulation results, however, indicate that important physical insights can be obtained from simulations that enhance understanding of the experimental results even if the sliding speeds are significantly faster than experimental values (see for example, [9] ). Our main objective here is to establish that the simulation rates accessible to simulation (>5 m/s) yield reliable information on the tribological behavior of this PTFE system. A second objective is to identify the fastest sliding rate that will give physically reasonable results while maximizing the computational efficiency of the simulations. We therefore focus on two aspects of the effects of sliding rate: its effect on the temperature of the system and on the compressive and frictional forces, or friction coefficient.
To examine the effect of sliding rate on the frictional behavior of the PTFE films, two scenarios are considered: (i) the sliding direction is perpendicular to the direction of chain orientation in both the upper and lower films ('perpendicular sliding', Fig. 2a) , and (ii) the sliding direction is parallel to the direction of chain orientation in both the upper and lower films ('parallel sliding', Fig. 2b ). The corrugation of the chains leads to large energy barriers to sliding in the perpendicular directions; this is very disruptive to the materials structure. For parallel sliding the chains can slide without any significant local structural rearrangements. As we show elsewhere, these structural differences lead to very different friction and wear behaviors [10] . The focus of this paper is not on the physical interpretation of the results, but simply on establishing the effect of simulation conditions on the results.
Thermal stability
The frictional work generates a substantial heat flux that must be rapidly dissipated in order to prevent excessive temperatures in the contact (e.g. for 100 MPa pressure, µ = 0.1, and v = 10 m/s the heat flux is order 100 MW/m 2 ). Since the heat flux is stationary from the point of view of the simulation, the dissipation mechanisms require that this energy is removed from the interior of the film through the thermostated regions. If this heat transfer is too slow, then a substantial temperature rise can take place at the interface, leading to morphological changes within the polymer film, changes in the friction coefficient, and anomalous changes in the wear rate at the sliding surfaces. In simulation, we can expect to observe similar undesirable effects if excess heat generated at the surface is not adequately transported to the thermostated regions and dissipated. It is therefore important to establish that the system temperature is maintained despite the energy added by the friction and wear at the interface. Figure 3 illustrates the average temperature in the simulation as a function of sliding distance for sliding rates in the range of 5-100 m/s. For both parallel and perpendicular sliding, the temperature remains very close to the target of 300 K for sliding rates ranging from 5 m/s to 20 m/s. However, at higher sliding rates of 50 m/s (for perpendicular sliding) and 100 m/s (for both parallel and perpendicular sliding) there is substantial system heating, and the extent of heating increases as the sliding rate increases. This heating of the system arises from a combination of two effects. First, the heat itself must be transported from the sliding surfaces as lattice vibrations mediated by both the van der Waals interactions between the chains and the cross links; there is a limit as to how much heat can be conducted through the relatively low density of cross-links in this system. Second, the thermostat itself has a limited ability to regulate the temperature of the system and can be overloaded if too much heat arrives too rapidly. Our conclusion is thus that for this polymer morphology and thermostat, the sliding rate should be 20 m/s or less.
Normal and frictional forces
Having established that there is no excessive heating for rates up to 20 m/s, it is also important to establish the range of sliding rates over which the frictional behavior is unchanged. In particular, for computational efficiency, we would like to establish the maximum viable sliding speed. Figure 4 illustrates the normal and tangential forces associated with the perpendicular and parallel configurations at sliding rates of 10 and 20 m/s averaged over 0.01 ns intervals: these fixed time averages correspond to different sliding distances depending on the rate. In analogy with the usual macroscopic definition, the microscopic coefficient of friction, µ, is defined as the ratio of the change in the frictional force to the normal force: µ = F F /F N . For both parallel and perpendicular sliding, the normal force is consistently higher than the frictional force, thus giving coefficients of friction that are less than unity. Furthermore, although the values of the normal forces for both the perpendicular and parallel sliding configurations are initially identical (approximately 5 nN), the normal force for the perpendicular sliding fluctuates while that for parallel sliding remains fairly constant after an initial gradual drop. This differing behavior arises because in the perpendicular sliding configuration the normal force is larger when the chains from the upper film are directly on top of the chains in the lower film, and somewhat lower when the chains from the upper film fit into the interchain grooves of the lower film. In the case of the parallel configuration the chains from the upper film remain in the interchain grooves of the lower film throughout sliding; hence, there are weaker fluctuations in the normal force with sliding distance. Similar force curves are obtained at sliding rates of 5 and 15 m/s. Figure 5 illustrates the evolution of µ with sliding distance at the slowest and fasted sliding speeds investigated: 5 m/s and 20 m/s. Here µ is determined from the sliding distance averaged forces shown in Fig. 4 ; using this ratio of the averages, rather than the ratio of the instantaneous forces, significantly reduces the noise in the calculated values. Although there are small variations among the data sets at all four speeds (data for 10 m/s and 15 m/s are not shown for the sake of clarity), the overall trends are remarkably similar at all four sliding rates, which suggest that the microscopic processes are also similar.
To establish that the microscopic behavior is indeed similar at different sliding rates, we examine the evolution of the structure of the films in detail; Figure 6 shows three snapshots from perpendicular sliding simulations. Each is an edge-on view of the system in which the top layer of the top half is sliding to the left at a fixed rate. To clarify the atomic-level processes that are occurring, only three initially vertical slices of atoms are visualized. The positions of the same atoms in their initial positions are shown in the left-hand panel, and are shown after 10 nm of sliding at 5 m/s and 20 m/s in the center and right-hand panels, respectively. While there are clearly some microscopic differences between the two systems, the general level of damage (e.g., number of small polymeric fragments) and the roughness of the tribological surface are similar. The results and analyses in this section establish that simulations with sliding rates ranging from 5 m/s to 20 m/s yield physically reasonable results with no apparent simulation artifacts.
Effects of the type of cross-linking
As discussed in Sect. 2, the structural integrity of the polymer films is provided by cross-links that mimic the effects of polymer entanglement. The rigidity of the films and hence, their tribological properties will, of course, depend on the density of cross-links. However, even for a given nominal cross-link density, it is important to assess how the microscopic details of the cross-linking affect the frictional behavior. We have therefore generated two different cross-linked structures, each with a density of 2 cross-links per 4.5 nm of chain length. In the 'disordered structure', the cross-links are introduced without any attention to the strains that they produce in the system. Consequently, after compression and equilibration of this structure, we find that 85% of the atoms in the system are four-fold coordinated (assumed to be sp 3 -hybridized), 13% three-fold coordinated (assumed to be sp 2 -hybridized), and 2% two-fold coordinated (assumed to be sp-hybridized). In the 'ordered structure' we take considerable care to cross-link in a manner that reduces the strain and resulting structural disorder in the system. For this structure, after compression and equilibration there are 78% sp 3 hybridized, 22% sp 2 hybridized and 0.08% sp hybridized carbon atoms in the system. This difference between the hybridizations of the two systems is actually quite large because only ∼25% of the carbon atoms are in the cross-links. Figure 7 compares the normal and frictional forces for perpendicular sliding for the two different morphologies. Reassuringly, the frictional coefficients predicted by the simulations are very similar, indicating that the variations in microscopic details of the cross-linking explored here do not significantly affect tribological behavior.
Conclusions
The results presented here indicate that the simulated molecular-scale tribological behavior of PTFE does not vary to any significant degree in cross-linked polymer systems for sliding rates of 5 to 20 m/s. Moreover, the specific details of the polymer cross-link morphology are not predicted to be critical to the simulation outcomes. We therefore conclude that the dominant physical mechanisms identified in these simulations are both robust and meaningful.
